Introduction
Leg muscle power and sprinting ability are important performance parameters in several youth sports [1, 2] . The effects of training on muscular power and jumping ability are more pronounced in adolescence than childhood, with boys improving more than girls [3] . Adaptations to sprint training are more variable, showing an initial spurt during the ages of 5-9 years, which is followed by a second period of rapid improvement during puberty and beyond [2, 4] . A more complex fitness component associated with straight line sprinting, muscular power, and motor coordination, is the change of direction (COD) speed [5] . In most youth development models, drills including short sprints, accelerations, decelerations, and COD may be used as training tools, from a very young age, to develop general athleticism as well as physical qualities, such as speed and muscle power [1, 2, 6] .
Plyometric training is effective in increasing sprinting and jumping ability, reactive strength, and COD in prepubertal athletes [7, 8] . Age, maturation, and task complexity influence plyometric training effectiveness [9, 10] . For example, Moran et al. [11] reported a greater increase in vertical jumping following plyometric training in males before and after peak height velocity (PHV) compared to mid-PHV (d > 0.90, and d = 0.47, respectively), while Asadi et al. [12] found lower adaptive responses in COD abilities, in male participants before PHV (d = 0.68), compared with mid-and post-PHV (d = 0.95 and 0.99, respectively). However, most studies have examined male youth athletes, while females may respond differently due to the gender-specific effects of maturation on body composition and adaptability to training [3, 13] . Recently, Moran et al. [14] reported that plyometric training induced small effects (d = 0.57) on jumping performance in female youth (8-18 years) , while there is limited evidence on the degree to which prepubescent girls adapt to plyometric training.
The fundamental locomotion skills of jumping, leaping, hopping, and running may be significantly improved during middle childhood (7-10 years), while it has been recommended that children may start resistance training with their own body weight as early as they are able to follow instructions and safety rules (i.e., 7-8 years of age) [1, 15, 16] . However, age-and sport-specific information is limited regarding the effects of plyometric training on speed and power indices in very young athletes, and especially females, although in some sports like gymnastics, children are training systematically from a very early age [3, 6] . Young gymnasts are required to execute complex technical skills that require high power output acquired from a young age [6] . Thus, the purpose of this study was to examine the effects of 8 weeks of plyometric training on jumping performance, sprinting, and COD in 7-9 years old female gymnasts. It was hypothesized that supplementary plyometric training would improve these abilities more than gymnastics training alone.
Materials and Methods

Participants
Power calculations indicated a sample of 12 participants would be needed to detect an effect size (ES) of 0.5, obtained from the minimum ES reported in the meta-analysis of Moran et al. [11] for plyometric training in pre-PHV boys (within-between ANOVA power = 0.80, alpha = 0.05, correlation between repeated measures r = 0.5; G-Power 3.1.9.2). Gymnast ages ranged from 7 to 9 years, and they were recruited from the same gymnastics club and trained with the same coach in three groups of 16-19 athletes each. None of the participants had performed systematic plyometric training in the past. All participants were injury-free six months prior to the study start and no gymnast was injured during the study. Since the minimum sample size was 12, it was decided that two of the groups would be randomly allocated to the plyometric intervention (n = 16 and n = 19) while the other group acted as a control (n = 18). Of these, two gymnasts from the training group and one athlete from the control group did not perform all preliminary tests and visits, and were excluded from the study. In total, fifty female 'Gymnastics for All' gymnasts participated in this study forming the plyometric group (PG; n = 33) and the control group (CG; n = 17). No athlete dropped out during the course of the intervention.
Anthropometric and maturity characteristics of the participants are shown in Table 1 . All gymnasts trained 3 days per week, (Monday, Wednesday, Friday) for 90 min each day, and competed in the national championships. Maturity offset was calculated at the study beginning and end, according to the prediction equation of Mirwald et al. [17] . Based on the chronological age and maturity offset (−4.9 ± 0.4 years from peak height velocity-PHV) the participants of the PG and the CG were characterized as prepubertal. Prior to the study, the athletes and their parents were fully informed about the purpose and risks of this study. 
Study Design
The effects of 8 weeks of plyometric training, in addition to regular gymnastics training, on jumping, sprinting, and COD were examined using a repeated measures design. This 8-week period was chosen based on the duration of a typical mesocycle. The study took place during the gymnastics preseason (October to December). All gymnasts underwent the following tests at baseline, and after 8 weeks of training: 10 and 20 m linear sprint test, 5 + 5 m and 10 + 10 m COD sprint tests with a 180 • turn, one-leg and two-leg countermovement jump (CMJ), drop jump (DJ), squat jump (SJ), and standing long jump (SLJ). The additional plyometric program was performed during non-consecutive days (Monday, Wednesday) before the main training and lasted~27 min (total of 16 sessions). In the two weeks preceding baseline testing, four familiarization sessions were held to get participants familiarized with the plyometric training and testing procedures and to calculate intra-class correlation coefficients (ICC) using a two-way mixed model.
Methodology
Body mass, (0.1 kg, Seca 700, Seca Ltd., Birmingham, UK) standing height and sitting height (0.1 cm, Charder HM-200P, Charder Electronic Co., Ltd., Taichung, Taiwan) were measured before and after training.
Jumping Performance
Jump height was determined from flight time, using an Optojump system (Microgate, SRL, Bolzano, Italy). The validity and reliability of this system for measuring jump height have been previously reported [18] . Participants were instructed to perform maximum effort jumps. For the oneand two-leg CMJ, DJ, and SJ, participants were instructed to maintain their hands akimbo, to take off with the ankles and knees fully extended, and to land balanced on the same spot. During all jumping tests, gymnasts wore gymnastics shoes. For the one-and the two-leg CMJ, gymnasts were instructed to perform a countermovement until the knees bent to approximately 90 • , and then immediately jump up. ICC for the two-leg CMJ was 0.94 (95% CI: 0.90-0.97) (SEM = 4.3%, MDC 90 = 1.8 cm) and for the sum of the right and the left-leg CMJ it was 0.97 (95% CI: 0.94-0.98) (SEM = 5.1%, MDC 90 = 1.7 cm).
For the DJ, gymnasts stepped horizontally off a 20 cm box on the gymnastics carpet and then immediately performed a maximal rebound vertical jump with minimal ground contact time (CT). The ICC for the DJ height was 0.93 (95% CI: 0.87-0.96) (SEM = 7.4%, MDC 90 = 2.6 cm), while the ICC for CT was 0.85 (95% CI: 0.73-0.91) (SEM = 10.3%, MDC 90 = 100 ms).
Reactive strength index (RSI) was determined during drop jump as the ratio between jump height and time spent in contact with the ground as follows [19] : RSI = jump height (millimeters)/ground contact time (milliseconds). The ICC for RSI was 0.86 (95% CI: 0.75-0.92) (SEM = 16.6%, MDC 90 = 0.20 mm/ms). For the SJ, participants started from a stationary semi-squat position (~90 • knee flexion determined by a manual goniometer) and were instructed to jump as high as possible, without a countermovement. For each trial of the SLJ, the participants started behind a line on the ground, feet at shoulder width and hands neutral. On the command, participants executed a countermovement and then jumped maximally in the horizontal direction. Participants landed with both feet simultaneously and were not allowed to fall. Horizontal distance from the toes at the start to the landing at heel contact was used for statistical analysis. All trials were measured to the nearest 0.01 m. The ICC for the SJ was 0.89 (95% CI: 0.80-0.94) (SEM = 7.2%, MDC 90 = 2.8 cm) and for the SLJ, 0.85 (95% CI: 0.74-0.92) (SEM = 5.5%, MDC 95 = 14.0 cm).
Sprint and COD Tests
Ten-and twenty-meter linear sprint performances were assessed electronically (Microgate, SARL, Bolzano, Italy). Participants were asked to stand in an upright stride stance with the preferred leg forward, 0.3 m before the first infrared photoelectric gate, which was placed 0. All performance tests were completed in the same session, 48 h after the last training and following a 10 min standardized warm-up, including 5 min of light jogging, dynamic stretches, and 2 short accelerations. For the 10 and 20 m of linear sprint tests and the COD tests, athletes performed 2 trials for each distance interspersed by 1 min of rest and the best time was recorded for further analysis. Sprint and COD tests were separated by 3 min of passive rest. After that, and following 3 min of recovery, the gymnasts performed the jump tests. Two trials were performed for each jump and the average value was used for analysis. Trials were separated by 30 s and there was a 2 min rest between the different jump tests.
Plyometric Training
At the start of the Monday and Wednesday training session, and immediately after the 10 min standardized warm-up, the athletes of the PG performed plyometric training while the athletes of the CG performed choreography movements. Following the plyometric program all gymnasts continued their regular gymnastics training. The plyometric program was designed to include two 4-week training blocks. Six plyometric exercises of progressive difficulty were performed in each training block according to the stages of plyometric load proposed by Lloyd et al. [20] . In each session, athletes performed two rounds of six exercises in a circuit form, with 30 s rest between exercises and 5 min of rest between rounds (Table 2) . Plyometric exercises were performed on the surface of a gymnastics carpet with the gymnasts wearing gymnastics shoes. Plyometric training was supervised by an experienced coach and proper technique of movement was emphasized at every training and testing session. Also, an experienced coach recorded all the gymnastics elements with a plyometric component for the lower limbs (e.g., handsprings, round-off, vaulting) during all training sessions, to ensure that all participants received similar plyometric training load. In the first week of training gymnasts in both groups performed~100 gymnastics elements with a plyometric component in each training session and increasing to~130 gymnastics elements by study completion. 
Statistical Analyses
Statistical analyses were carried out using SPSS (IBM SPSS Statistics, Version 22.0, IBM corporation, Armonk, New York, NY, USA). Data are presented as means and standard deviations. The 90% confidence intervals were also calculated for the mean differences reported. The normality of data distributions was checked using a Kolmogorov-Smirnov test. One-way analyses of variance (ANOVA) were applied to determine significant differences in baseline values between groups. A two-way ANOVA (group (plyometric/control) × time (pre/post-training)), with repeated measures on the time dimension, was conducted to examine the effect of plyometric training on all examined variables. When a significant main effect or interaction was observed (p < 0.05) a Tukey's post hoc test was performed. Effect sizes (ES) for the ANOVA were determined by partial eta squared (η 2 ). For pairwise comparisons, ES was determined by Cohen's d. Magnitude-based inference (MBI) tests were performed, as described by Hopkins et al. [21] . The threshold value for the smallest worthwhile change was set in this study at 0.2 of the between subject standard deviation. The scale used to interpret the probabilities was as follows: 25-75%, possible; 75-95%, likely; 95-99%, very likely; >99.5%, most likely.
Additionally, the standard error of measurement (SEM) and the meaningful detectable change at 90% confidence interval (MDC 90 ) were calculated. Statistical significance was set at p < 0.05.
Results
Anthropometric Measurement
There were no statistical differences in age, training experience, maturity offset, and anthropometric characteristics between the PG and the CG at baseline (Table 1 ). After training, there was a statistically significant increase in standing height in both groups (by 0.6 ± 0.3 cm and 0.6 ± 0.4 cm, respectively, p = 0.001), with no difference between groups (p = 0.777). All other anthropometric variables remained unchanged after training (p > 0.5).
Performance Variables
There was no statistical difference between groups in all baseline values (p > 0.3; Table 3 ). No group × time interaction was shown for all other parameters examining various forms of jumping performance (SJ, CMJ, DJ, SLJ, CT, RSI), as well as for the 5 + 5 COD test (Table 3) . For all these parameters, except for CT, a main effect for time was observed (p < 0.01, η 2 > 0.07), indicating similar improvements in both groups. However, the improvement in single-and double-leg CMJ in PG had a greater effect size than that in CG (0.72 and 0.67 in PG vs. 0.34 and 0.18 in CG, Table 3 ). Comparison of the changes in performance between the PG and CG showed a small to moderate effect size, favoring greater improvement of one-and two-leg CMJ in the PG (Table 3) . This was also indicated by the MBI analysis that showed a greater likelihood of improvement for the PG (96% and 69% for one-and two-leg CMJ, respectively; see Table 3 ). A significant group × time interaction was observed for the 10 and 20 m sprint times (Table 3) , with the post hoc test showing an improvement in sprint time only for the PG (p = 0.001, ES = 1.10 and 1.14 for 10 and 20 m sprint times, respectively). A significant group × time interaction was also observed for the 10 + 10 m COD test (Table 3) , and the post hoc test showed an improvement in the 10 + 10 m COD time only for the PG group (p = 0.003, ES = 0.60). This pattern between groups in sprint and COD performance was also evident in effect sizes and quantitative inference analyses (Table 3) . Effect size of the change in sprint and COD performance in PG was smaller for the shorter distances examined (i.e., 10 m sprint and 5 + 5 m COD) and 2-3-fold higher for the longer distances (i.e., 20 m sprint and 10 + 10 m COD, see Table 3 ).
Discussion
The main findings of this study were that an 8-week supplementary plyometric training program was effective in increasing sprint and COD performance. DJ, SJ, and SLJ were similarly improved in both groups, suggesting that plyometric training did not cause an additional improvement of these types of jumps. However, at the end of the intervention, a greater effect size of the change in singleand double-leg CMJ performance was observed for the PG only.
To the authors' knowledge, this is the first study to examine the effect of plyometric training on jumping, sprinting, and change of direction abilities in an athletic female population of a very young age. Previous studies in physical education settings involved untrained children, aged 7-11 years, using a form of plyometric training during physical education lessons [22, 23] . Findings from these studies are not comparable to an athletic context because physiological adaptations and motor performance differ between non-athletic and athletic youth [15] . Studies in older preadolescent male athletes reported significant increases in horizontal and vertical jumping, as well as in sprint and COD abilities, supporting the findings of the present study [8, [24] [25] [26] .
The present study showed that both groups of gymnasts increased SJ, DJ, SLJ, and RSI performance from their respective baselines (main effect time: p = 0.01), suggesting that the supplementary plyometric training did not offer additional improvements compared to gymnastics training, following a short training period. A possible explanation of these results is that the gymnastics training program followed by these athletes included a large number of elements with a plyometric component (100 to 130 per training) and, thus, the effect of a short-term supplementary plyometric training period may not be strong enough or may require a longer period to manifest. However, the change in singleand double-leg CMJ performance in the PG had a greater effect size (0.67 and 0.72) and likelihood of improvement (69% and 96%) than the CG (effect size: 0.18 and 0.37), despite the fact that the p value for the group × time interaction was not significant (p = 0.166 and 0.277, respectively). These effect sizes are in agreement with a recent meta-analysis reporting a larger effect size for younger (<15 years old) compared with older (15-18 years old) girls (0.78 vs. 0.31, respectively) regarding vertical jump improvements following plyometric training [14] . The greater effect size of change in CMJ performance for the PG may be due to the contents of the plyometric training program (Table 2) , that contained mostly vertical jumps with a relatively slow stretch-shortening cycle, due to the fact that it was implemented during the preseason. Thus, the neuromuscular and motor learning adaptations may have been more specific for CMJ than the other types of faster stretch-shortening cycle jumps (i.e., DJ). An improvement of CMJ has been reported for older (10-12 years) male child soccer players after 12 weeks of plyometric training in addition to regular soccer training and for 8-12-year-old male pre-PHV hockey players following 6 weeks of a low-dose plyometric training program (60 foot contacts) [11, 27] .
The results of the present study showed an improvement in 10 and 20 m sprint performance only in the PG, highlighting the importance of complementary plyometric training to improve speed in childhood [28] . Also, plyometric training enhanced 10 + 10m COD only in the PG, while a moderate effect size was also found in 5 + 5 m COD. COD performance reflects a wide range of neuromuscular and locomotor abilities, such as dynamic balance, whole body coordination, speed, as well as eccentric, concentric, and reactive strength [29, 30] . For this reason, COD tests have been used as part of the Gymnastics Functional Measurement Tool (GFMT) designed to assess physical fitness in female competitive gymnasts [31] , while high correlations have been reported between COD and eccentric strength scaled per kg body mass [32] . A recent review showed that plyometric training improved COD (d = 0.86) in male youths (10-18 years), independent of age [12] . However, greater gains were observed in boys at mid (13-15.9 years, d = 0.95) and post-PHV (16-18 years, d = 0.99) compared to boys at pre-PHV (10-12.9 years, d = 0.68) [12] . Although it seems that the ability to accelerate, decelerate, and change direction is developed at later stages of maturation, the present study showed that COD can be improved following plyometric training in child female athletes, possibly due to an increase in eccentric strength, which is a major determinant of COD performance [32] . The improvement seen in sprint and COD performance may be explained by the reported 'window of trainability' for the development of acceleration and maximal velocity during the period between 5 and 9 years [33] . Furthermore, this age is also suggested as an 'agility, quickness, and COD window' despite moderate increases in muscular strength and power [1] . Thus, the improvements in sprint and COD performance are possibly related to the high neural plasticity and the increased motor coordination at this stage of development [34] . Also, the training protocol used in this study included a large number of unilateral jumps which induced a marked increase in the sum of the right and left leg CMJ height in the PG compared to the GC. It may be speculated that training using unilateral jumps may be an efficient means for improving sprinting performance and COD, since sprinting and COD involve single-leg actions in successive repetitions. The lack of improvement in sprint performance in the CG indicates that gymnastics training alone is not sufficient to improve sprinting performance. It should be noted that gains in linear sprint and COD were greater in the longer than in the shorter distances. In particular, the effect size for 20 m sprint performance and 10 + 10 m COD was 2-3 times higher than the 10 m sprint and 5 + 5 m COD. One previous study also reported an increase in 0-20 m sprint speed while 0-10 m sprint speed remained unchanged (p > 0.05) following 10 weeks of plyometric training in untrained prepubertal boys [35] .
This study has some limitations. Despite the considerable improvement of speed and power, the 8-week training period may be considered too short to induce significant differences in some forms of jumping performance (e.g., DJ) in trained young athletes engaged in systematic gymnastics training. Therefore, further studies considering longer training interventions are needed to examine longer-term plyometric training in similar populations. Also, the characteristics of the training program were shaped by the training period (preparation), and were thus generally moderate in intensity and stretch-shortening cycle speed. A progressive continuation of the supplementary plyometric program later in the season, with exercises of higher plyometric load may be more effective. It should be noted that during the intervention period, no injuries were observed, and thus, plyometric training may be considered safe for trained girls, under the condition that the difficulty progression guidelines are followed.
Conclusions
In conclusion, the present study showed that plyometric training resulted in a substantial improvement of sprint and COD performance, following 8 weeks of training, in these child female gymnasts. DJ, SJ, and SLJ were similarly improved in both groups, suggesting that additional plyometric training did not result in further increase in these types of jumps during this relatively short timeframe. However, there was a greater effect size of the change in single-and double-leg CMJ performance for the PG only, possibly due to the plyometric training program implemented in this study. Improved CMJ performance may enhance gymnastics skills execution by increasing flight time. Coaches may safely use appropriate supplementary plyometric exercise programs in order to enhance sprinting and change of direction abilities, so as to develop general levels of athleticism in addition to sport-specific physical qualities, in 7-9-year-old female gymnasts. This may have positive implications for long-term athlete development. Funding: This research received no external funding.
